One-sentence summary:
which accumulates β -citraurin predominantly, and 'Miyagawa-wase', which does not accumulate β -citraurin. The results suggested that CitCCD4 was a key gene contributing to the biosynthesis of β -citraurin. In the flavedo of 'Yamashitabeni-wase', the expression of CitCCD4 increased rapidly from September, which was consistent with the accumulation of β -citraurin. In the flavedo of 'Miyagawa-wase', the expression of CitCCD4 remained at an extremely low level during the ripening process, which was consistent with the absence of β -citraurin. Functional analysis showed that the CitCCD4 enzyme exhibited substrate specificity. It cleaved β -cryptoxanthin and zeaxanthin at the 7,8 or 7',8' position. But other carotenoids tested in the present study (lycopene, α -carotene, β -carotene, all-trans-violaxanthin and 9-cis-violaxanthin) were not cleaved by CitCCD4 enzyme. The cleavage of β -cryptoxanthin and zeaxanthin by CitCCD4 enzyme led to the formation of
INTRODUCTION
Arabidopsis, CCD7 cleaves all-trans-β-carotene at the 9',10' position to form all-trans-β-apo-10'-carotenal (C27). All-trans-β-apo-10'-carotenal is further shortened by AtCCD8 at the 13,14 position to produce β-apo-13-carotenone (Alder et al., 2012) . NCED5, NCED6 and NCED9 cleaved 9-cis-violaxanthin at the 11,12 position to form xanthoxin (Tan et al., 2003) . Compared with other CCDs, the function of CCD4 is poorly understood. In
Chrysanthemum morifolium, CmCCD4a contributed to the white color formation by cleaving carotenoids into colorless compounds (Ohmiya et al., 2006) . Recently, it has been reported that CsCCD4, CmCCD4a and MdCCD4 could cleave β -carotene to yield β -ionone (Rubio et al., 2008; Huang et al., 2009 ).
β -Citraurin, a C 30 apocarotenoid, is a color-imparting pigment responsible for the reddish color of citrus fruits (Farin et al.,1983) . In 1936, it was first discovered in Sicilian oranges (Cual, 1965) . In citrus fruits, the accumulation of β -citraurin is not a common event, it is only observed in the flavedos of some varieties during the fruit ripening. The citrus varieties accumulating β -citraurin are considered more attractive because of their red-orange color (Ríos et al., 2010) . Although more than seventy years have passed since β -citraurin was first identified, the pathway of its biosynthesis is still unknown. As its structure is similar to that of β -cryptoxanthin and zeaxanthin, β -citraurin was presumed to be a degradation product of β -cryptoxanthin or zeaxanthin (Oberholster et al., 2001; Rodrigo et al., 2004; Ríos et al., 2010；Fig . 1). To date, however, the specific cleavage reaction producing β -citraurin has not been elucidated. In the present study, we found that CitCCD4 gene was involved in the synthesis of β -citraurin, using two citrus varieties of Satsuma mandarin,
In the present study, full-length cDNAs of CitCCD4 gene was isolated from 'Yamashitabeni-wase' and 'Miyagawa-wase', and their sequences were analyzed. The sequences of CitCCD4 in 'Yamashitabeni-wase' and 'Miyagawa-wase' were identical at the nucleic acid level and amino acid level (Supplemental Fig. S2 ). The nucleotide sequence of CitCCD4 contained 1,692 bp, and encoded a putative protein of 563 amino acids with an estimated molecular mass of 63 kD. CitCCD4 protein was predicted to localize in cytoplasm (utility:8.0) or chloroplast (utility:5.0) by WoLF PSORT (Horton et al., 2007, http://wolfpsort.org/). Using the online prediction server TMpre, the protein of CitCCD4 was predicted to have two transmembrane helices, which indicated that it was an integral membrane protein (Supplemental Fig. S2 ). In N-terminal region of the protein encode by
CitCCD4, no characteristic transit peptide was detected by TargetP.
A BLAST search in Citrus Genome Database (http://www.citrusgenomedb.org) revealed that the cDNA sequence of CitCCD4 was identical to scaffold_128:294016:295707 of the citrus gene clementine0.9_006329m.g. The gene structure of clementine0.9_006329m.g included a 5' UTR, a CDS and a 3' UTR. To further identify the genome organization of CitCCD4, the genomic DNAs of CitCCD4 were amplified by PCR from the start codon to the stop codon and the sequences were analyzed in 'Yamashitabeni-wase' and 'Miyagawa-wase'.
The sequence analysis revealed that the CitCCD4 gene did not contain introns in either 'Yamashitabeni-wase' or 'Miyagawa-wase' (Supplemental Fig. S3 ).
Subcellular localization of CitCCD4-GFP fusion protein expressed in tobacco leaves
To determine the subcellular localization of CitCCD4, the cDNA of CitCCD4 without the stop codon was fused with GFP reporter gene under the control of Cauliflower mosaic virus 35S promoter and bombarded in tobacco leaves. After 16-18h, the localization of GFP fusion proteins was observed by confocal laser-scanning microscopy. Confocal imaging of GFP fluorescence showed that the CitCCD4 fusion protein was located in the chloroplast (Fig. 6 ).
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Functional Analyses of Recombinant CitCCD4 Protein
In the present study, the functions of CitCCD4 were investigated in vivo and in vitro.
Lycopene, α -carotene, β -carotene and zeaxanthin were used as substrates to assay the enzyme activity of the CitCCD4 in vivo. β -Cryptoxanthin, zeaxanthin, all-trans-violaxanthin and 9-cis-violaxanthin were used as substrates to assay the enzyme activity of CitCCD4 in vitro.
To examine the enzyme activity of CitCCD4 in vivo, the cDNA of CitCCD4 isolated from the flavedo of 'Yamashitabeni-wase' was cloned into the pRSF-2 Ek/LIC vector. The recombinant plasmid was transformed to the lycopene-accumulating E. coli BL21 (DE3) cells, To examine the enzyme activity of CitCCD4 in vitro, the cDNA of CitCCD4 isolated from the flavedo of 'Yamashitabeni-wase' was cloned into the pCold I vector. The recombinant protein expressed in E. coli cell was extracted and confirmed by SDS-PAGE. When all-trans-violaxanthin and 9-cis-violaxanthin were used as substrates for the cleavage reaction of the recombinant CitCCD4 enzyme, no cleavage product was detected (Fig. 8, C and D) .
When β -cryptoxanthin and zeaxanthin were used as substrates, however, the peak for β -citraurin, which eluted at 24 min, was observed (Fig. 8, A and B ). In the case of β -cryptoxanthin, the other cleaved product, which eluted at 43 min, was also detected (Fig.   8A ). The absorption maximum of the peak at 43 min was 460 nm. Both the elution time and absorption maximum of this eluent were identical to that of standard trans-β-apo-8'-carotenal (Fig. 8A) . Therefore, the eluent at 43 min was identified as trans-β-apo-8'-carotenal. These results suggested that CitCCD4 enzyme could cleave β -cryptoxanthin and zeaxanthin at the 7, 
Expression
To enhance the content of β -citraurin, the effects of ethylene and red LED light (660 nm) on β -citraurin content and the expression of CitCCD4 were investigated using the fruits of 'Yamashitabeni-wase' harvested in October. During the experimental periods, the accumulation of β -citraurin was observed in the control, as well as the ethylene and red light-treated groups (Fig. 9) . Compared with the control, the content of β -citraurin was significantly increased by ethylene treatment. The expression of CitCCD4 was up-regulated by ethylene and red LED light treatments (Fig. 9 ). These increases in the expression of CitCCD4 were well consistent with the accumulation of β -citraurin in the two treatments.
DISCUSSION

Accumulation of β -Citraurin in the Flavedos of Citrus Fruits
The accumulation of β -citraurin, a red pigment, has been detected in only a few citrus varieties (Xu et al., 2011) . Ríos et al. (2010) reported that β -citraurin was observed in the flavedo of a citrus clementine mutant 39B3, while it was absent in the flavedo of the other citrus clementine mutant 39E7. The defective synthesis of β -citraurin was proposed to cause the yellowish color of fully ripe 39E7 flavedo. Because β -citraurin is a characteristic pigment, it can be isolated in pure form among other carotenoids from the flavedos of citrus fruits (Agócs et al., 2007) . In the present study, we isolated β -citraurin from the flavedo of 'Yamashitabeni-wase' using a silica gel column and HPLC. The mass spectrum and absorption maximum of the β -citraurin were consistent with those reported previously (Farin et al., 1983; Agócs et al., 2007; Fig. 2 'Yamashitabeni-wase'. In the other Satsuma mandarin variety, 'Miyagawa-wase', β -citraurin was undetectable throughout the ripening process (Fig. 3B ). This difference led to different peel colors between the two varieties. The accumulation of β -citraurin contributed to the reddish peel in 'Yamashitabeni-wase', while the complete absence of β -citraurin led to the yellowish peel in 'Miyagawa-wase' (Fig. 3A) . Although more than seventy years have passed since β -citraurin was first identified in citrus fruits, the pathway of β -citraurin biosynthesis has yet to be elucidated (Cual, 1965) . In the present study, the contents of β -cryptoxanthin, zeaxanthin, and β -citraurin rapidly increased in 'Yamashitabeni-wase' from October. The concomitant increases in β -cryptoxanthin, zeaxanthin, and β -citraurin indicated that β -citraurin may be a breakdown product of β -cryptoxanthin and zeaxanthin. Additionally, β -citraurin did not accumulate in 'Miyagawa-wase', zeaxanthin was further converted into all-trans-violaxanthin and 9-cis-violaxanthin, and as a result, the contents of all-trans-violaxanthin and 9-cis-violaxanthin were higher than those in 'Yamashitabeni-wase'.
Isolation and Sequence Analysis of CitCCD4
To find the enzyme responsible for β -citraurin biosynthesis, we compared the expression of genes related to carotenoid metabolism between the two varieties of Satsuma mandarin, 'Yamashitabeni-wase' and 'Miyagawa-wase'. In the flavedo, a significant difference in the expression of CitCCD4 was observed between the two varieties. In 'Yamashitabeni-wase', the expression of CitCCD4 increased rapidly with a peak in December, which was consistent with the accumulation of β -citraurin (Fig. 4) . In 'Miyagawa-wase', the expression of CitCCD4 remained at a low level during the ripening process, which was consistent with the absence of β -citraurin in the flavedo (Fig. 4) . Moreover, in the juice sacs, where β -citraurin was not accumulated, the expression of CitCCD4 was extremely low in both 'Yamashitabeni-wase' and 'Miyagawa-wase' ( In contrast to the CCD1, CCD7 and CCD8 where the introns were conserved presence, in CCD4 the intron-exon structure was highly dynamic (Mein et al., 2011) . In the present study, Unlike CCD1 enzymes, which were located in the cytoplasm, most CCD4 enzymes were located in plastids (Ytterberg et al., 2006; Rubio et al., 2008) . In the N-terminal region of the protein encoded by CitCCD4, no characteristic transit peptide was predicted. However, the subcellular localization of CitCCD4-GFP fusion protein expressed in tobacco leaves suggested that CitCCD4 fusion protein was imported into plastids (Fig. 6 ). This similar phenomenon was also observed in CsZCD enzyme. Bouvier et al. (2003) found that CsZCD enzyme was compartmentalized to the plastid, although it did not contain a typical cleavable transit peptide. In plants, carotenoids are synthesized and stored in plastids (Kloer and Schulz 1 4
2006). The location of CitCCD4 enzyme within plastids allowed it to access its carotenoids substrates, such as β -cryptoxanthin and zeaxanthin.
Functional Analyses of Recombinant CitCCD4 Enzyme
Compared with other CCDs, the information about the functions of CCD4 is limited. In potato, down-regulation of CCD4 gene expression using RNAi resulted in increase violaxanthin content (Campbell et al., 2010) . In Chrysanthemum morifolium, CmCCD4a
contributed to the white color formation by cleaving carotenoids into colorless compounds (Ohmiya et al., 2006) . A common feature of CCD4 identified in several recent studies is a 9,10 or 9',10' cleavage activity to yield β -ionone (Rubio et al., 2008; Huang et al., 2009 (Fig. 10) . In addition, when β -cryptoxanthin was used as the substrate for the cleavage reaction of the recombinant CitCCD4 enzyme, trans-β-apo-8'-carotenal, which eluted at 43 min, was also detected except for β -citraurin (Fig. 10) . In Clementine, extremely low content of trans-β-apo-8'-carotenal was detected in the fruits harvested in November, while in the fully ripened fruits it was absence (Ríos et al., 2010) . In the present study, we were unable to detect trans-β-apo-8'-carotenal in the flavedo or juice sacs of 
Expression
It has been reported that ethylene treatment increased the contents of carotenoids; as a result, the degreening process of citrus fruits was accelerated (Rodrigo and Zacarías, 2007).
We previously found that red LED light was effective to enhance carotenoids contents, especially the content of β -cryptoxanthin, while blue LED light had no significant effect on the carotenoid content in the flavedo of Satsuma mandarin (Ma et al., 2012) . In the present study, to investigate the regulatory effects of ethylene and red LED light on β -citraurin accumulation, fruits harvested in October were used as materials, as the changes in β -citraurin content were most significant at this stage. As shown in Fig. 9 , the content of 
CONCLUSION
In the present study, the biosynthetic pathway of β -citraurin was investigated using two citrus varieties of Satsuma mandarin, 'Yamashitabeni-wase', which accumulates β -citraurin predominantly, and 'Miyagawa-wase', which does not accumulate β -citraurin. The results 
Isolation and Sequence Analysis of CitCCD4
Total RNA was extracted from the flavedos of 'Yamashitabeni-wase' and 'Miyagawa-wase' according to the method described by Ikoma et al. (1996) . First-strand cDNA was synthesized from 2 μ g of total RNA using TaqMan Reverse Transcription Reagents (Applied Biosystems).
The cDNA fragment of CitCCD4 was amplified by PCR using the degenerate PCR primers designed according to the common sequences that have been reported previously (Supplemental Table S1 ). The amplified cDNAs were sequenced using a BigDye Terminator 
Transient expression of CitCCD4-GFP fusion protein in tobacco leaves
The full length of CitCCD4 without the stop codon was added to the 4 bp sequences ), carbenicillin (50 μ g ml -1 ) and kanamycin (50 μ g ml -1
), and incubated at 37 ˚C for 20 h. The colonies were incubated in 100 ml of 2×YT medium with chloramphenicol (50 μ g ml -1 ), carbenicillin (50 μ g ml -1
) and kanamycin (50 μ g ml -1 ) at 37 ˚C for 16 h. Then, 2 ml of culture solution was inoculated into 200 ml of 2×YT medium with chloramphenicol (50 μ g ml -1 ), carbenicillin (50 μ g ml -1 ) and kanamycin (50 μ g ml -1 ). After 8 h at 27 ˚C, 200 μ l of 0.1 M isopropyl β -D-thiogalactoside (IPTG) was added and cultured overnight at 27 ˚C.
Cultures of E. coli cells were centrifuged at 5,000 g for 10 min and the bacterial pellet was washed twice with Tris-HCl (pH 8.0). The pellet was dried using vacuum freeze drying and 
Functional Analysis of CitCCD4 Enzyme in vitro
The CitCCD4 cDNA from 'Yamashitabeni-wase' was cloned into the pCold I vector. The recombinant plasmid was transformed into XL1-Blue cells. The transformants were plated in LB medium supplemented with carbenicillin (50 μ g ml -1 ), and incubated at 37 ˚C for 20 h.
The colonies were incubated in 100 ml of 2×YT medium with carbenicillin (50 μ g ml -1 ) at 37
˚C for 16 h. Then, 2 ml of culture solution was inoculated into 200 ml of 2×YT medium with carbenicillin (50 μ g ml -1
). Cultures were grown at 37 ˚C until an OD 600 of 0.7 was reached. 
Treatment with Ethylene and Red LED light
Fruits of 'Yamashitabeni-wase' harvested in October were used as materials. 
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